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ABSTRACT

This paper reporls on  design, modeling, fabrication, and
characterization  of a novel silicon  bulk  micromachined
vibratory rate  gyroscope  designed  for  mictospacecraft
applications. This new microgyroscope consists of a silicon
tour leaf clover structure with a post attached to the center. The
whole structure is suspended by four thin silicon cantilevers.
This device is electrostatically actuated and detects Coriolis
induced motions of the leaves capacitively. A prototype of this
microgyroscope has a rotation responstivity (scale factor) of
10.dmV/deg/see with scale factor nonlinearity of <1%, and
minimum deteetable noise equivalent rotation rate of 90 deg/hr,
at an integration tine of 1 second. The bias stability of this
microgyroscope is better than 29 deg/hr.
this microgyroscope is limited by the electronie circuit noise
and drift. Planned improvements in the fabrication and
assembly of the miciogyroscope will allow the use of Q-factor
amplification to increase the sensitivity of the device by at
least two to three orders of magnitude. This new vibnatory
microgyroscope may have applications in incrtial navigation
and attitude control. It offers potential advantages of almost
unlimited operational  life, high perfonmance, extremely
compact size, low power operation, and low cost,

INTRODUCTION

Future spacectaft and rovers will require
microgyroscopes that are compact and cost effective with low
power consumption for attitude and mancuver control, tumble
recovery of spacecraft, and stabilization and pointing of
instruments such as cameras, antenna, detectors, and solar
pancls. Miciogyroscopes with 0.1 to 10 deg/hr bias stability
performance can also be used to supplement other external
inertial reference systems for spacecralt such as the Global
Positioning  System (GPS), sun sensor, or star tracker by
“filling in the gaps” during times the direct use of these systems

is not possible [1]. For example, a sun sensor cannot he used
periods of several minutes between

high performance

during an eclipse, or during
star sightings by a nartow field-of-view star tracker, or when a
GPS navigation signal suffers short teum dropouts due to
inadequate antenna coverage or physical or electromagnetic
interferences. These new ::E.cwfcﬁnowom not only will be
relevant for various extraterrestrial missions, such as planctary
and interplanctary  astrophysics  rescarch UE will also have
terrestrial - applications  in automotive navigation  systemns
autonotnous control of underwater and land vehicles, platform
stabilization, and smart guidance for munitions, missiles, and
robotics

This paper reports on the development of a novel silicon
bulk  micromachined  vibratory gyroscope that is  under
development for microspacecraft attitude and navigation control

The performance of

applications. This new microgyroscope offers several features
including: 1) the use of simple bulk silicon technology which
provides precise structures, increases yield, and reduces cost; 2)
high rotation rate sensitivity due to the low frequency resonator
design,  differential - mode  of  operation, and  lock-in
amplification detection; 3) low loss resonator to provide high
quality (Q) factor for mechanical amplification. and 4)
symmetric resonater design with degencrate modes. The design,
fabrication, modeling, experimental  characterization, and
packaging of the microgyroscope for spaceflight experiment
will be described in the next sections, followed by a conclusion.

DESIGN

In a vibratory gyroscope, the rotation sensing mechanical
clement is initially driven to oscillate in onc mode (catled input
o1 drive mode [2,3,4). Under rotation, Coriolis acceleration
induces energy transfer from the input mode to another
oscillatory mode (output or sense mode) causing the sensing
clement to precess. The best performance for the vibratory
gyroscope is obtained when the two oscillatory modes (drive
and sense) have the same resonant frequency with high quality
(Q) factor. The response to the Coriolis acceleration is then
amplified by the Q factor of the resonance resulting in improved
sensor performance.
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Fig. 1 Schematic of the clover-leal microgyroscope



The JPIJUCLA microgyroscope resembles  a  four leaf
clover suspended by four thin wires from the gyi1 o s¢ ope
housing. The rum, [he clover structure and the suspensions ate
made from single erystal siticon (Fig. | ). A mietal post s rigidly
attached through the center of the structure inthe direction
perpendi cular [ () the plane of the clover leaves, The four
suspensions provide mechanical support and restoring foree for
the harmonic notion of the whol e structure. The clover leaf
sttucture and the metal post have a combined mass of about 1 079
kg. The mechanical tesonant frequencies 01 the microgyroscope
vary according to design in the 300 [0 500" Hy range. The low
resonant frequency is due to the large mass 0! the post arid soft
suspensions. Since the response to the gyroscope is inversely
propor tional [0 the resonant frequency, low resonant frequency
increases the device responsitivity.

The silicon ciover-leaf structure with the post is bonded to
a quartz base plate patieined with gold electrodes. The clover
leaves provide large arcas for electrostatic diiving and
capacitive sensing. The resonator is excited by applying an AC
voltagetothe capacitors associated with [caves 2 arid 3, and
this excites the rotation 8 about the x axis. Since theesonator

is symmetrical, 0, and Oy arc deg enerate with rocking-like
displacerent for the clover leaves. The degeneracy of the drive
and sense maodes allows Q-factor amplification of modal
displacements. Q-factor amplification of the dr ive and sense
motionred uces drive voltage and incieases the sensitivity of the
device respectively. The Q-factor o f this symmetric resonant
structure can be very high since it can be perfectly balanced with
a fixed center of gravity, andthe sumof forces and moments
resulting from the vi bration miodes can be zero.
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Fig. 2 Exploded view of the clover-leaf microgyroscope.

Since the post is rigidly attached to tnhe clover-leaf

stiucture, the movements of the clover lcaves translate to
wovements of the post. When the leaves oscillate in the drive
mode, the displacement of the post is near parallel to the clover
leal surlace in the y-direction. When a rotation rate is applicd
abowut the z-axis, Coriolis force acts on the oscillating post
causing it to displace in the orthogonal ditection (i.e. x-

direction). This post displacement 1s tanslated back into the
rocking motion 0y of the clover leaves. The post provides a
large Coriolis coupling which transfers encigy between the two
orthogonal rocking modes.

FABRICATION

The structure of the siticon microgyroscope is shown1 n
| ig.2. The microgyroscope consists of a quarte base plate
patterned w ith metal ¢lectrodes, and the silicon clover-leaf
resonatorsuspended from the thick silicon rim. The quaity base
plate and the silicon rim arc bouded together by using | ow
shinkage UV curable epoxy. ‘The dimension of the silicon
clover-leaf resonator is 7 mm x 7 mim, the dimension of cach
clovetleat is 1.1 mwn x 1 inm, and the post is 500 micions i n
diamcter and 5 mm in length. The quartz base plate is a square |
cm x| ocmrand approximately 400 microns thick. The scnsing
capacitors 01 the microgyroscope are tormedbetween ('r/AL!
electrodes onthe quartz base plate andthe silicon clover leaves,
The gap between the base electrodes and the clover leaves is
about ]J() to 20 micions.

The fabrication 0 1 the silicon Clovct-leaf resonator
requites only two masking and ctching  steps using  bulk
micromachining techmology. The fabrication process sequence
for the microgyroscope is shown in Fig.3a. Fabrication beg ins
with the standard n-type <100> double side polished silicon
wafer that has two silicon epilayers grown on top. The bottom

fayciis a4 micron p+ ( 1020 boron doped) etch stoplayer. The
top layer is a 26 micion n-type silicon epilayer. A 1000A layer
of thermalsilicon dioxide is grownon the wafer andpatierned
with the cloverleaf pattern. This patterned oxide laye 1 is used as
a wask for EDP ctehing of the 26 micron silicon epilayer to the
p+ etch-stop layer. All features of the clover-leaf pattern run
along the crystal planes, resulting in very smooth shapes. This
1s due to the selectivity of the anisotropic EDP etch which
autornati cally provides very precise dimeusions and shape for
the suspensions. This is very important for the microgyroscope
perforinance since the mode shape and resonant frequencies are
aftected by any device asymuuetuies.

An SEM pictute of the etched profiles 01 the clover leaf
sttucture is shownin Fig. 4. After the wet etch the thermal oxide
maskisstripped away inbuttered HEL “1"his is followed by a
3000A thick thermal silicon dioxide, The silicon dioxide on
buck of the microgyroscope is then patterned and the device is
ag ainetched in EDP. This etch removes almost all the silic on
substrate and stops al the p+ etch-stop layer. Next, the wafer is
cleavedinto individual devices and sepatated. The cleaved
devices are then etehed in 1:3:8 HNA (1021 HNO3: CH3C OO
until the p+ stop-etch layer is remaved. Finally, the oxide layer
is striped away in buffered 1 IF. The removal of both the p4layer
and the stlicon dioxide layers removes stress gradient which can
cause wai page ol the clover feaf structure.

The fabrication] process of the quartzbase plate consists of
two hthography and etching stepsas show ninFig. 3b. A hole
is fust drilled into the quartz base plates for the post. This is
followed by the patterning and etching of the quartz baseto the
depth of 10to 20 microns using HE.This provides the gap
spacing  that separates  the silicon  clover leaves and the
electrodes 011 [he quartzplate. Next, a Cr/Aumectallizationis
evaporated onto the whole quartz plate,and is ctched 10 give the
electiodes  patterns. Then, thequaniz plate is diced into
individual devices. The silicon resonator and the quatte base
plate are then bonded together using UV curable epoxy. A ||
devicesare first tested for resonant frequencies and mode shapes.




Aﬂcx. [_hcsc initial tests, a metal post is epoxicd into the hole on
the silicon resonator (Fig. ).

A N s O Y

1} Lstthermal oxide growth and patierning,
topside siticon epilayer EDP eteh,

L

A -~
SRR sann SRR oo ST e

2) Striped off Ist thermal oxide,
7nd oxide growth and patterning,

1
& > \ t <
IS S g S "‘,4.».4./

s
e

3) Backside EDP etch

o LI A

4) Backside HNA ctch and oxide etch.

B so, 7 s
[§ p+ silicon epilayer
m n silicon epilayer:

Fig. 3a Fabrication process of the silicon clover-leaf structure.
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Fig. 3b Fabrication process of the quartz base plate,

CO NTROI . AND RFADOUT ELECTRONICS

In order 1o design the electronics for actuating and sensing
the microgyroscope, an electrical model of the microgyroscope
is derived and analyzed. The model described in this section
gives acomplete deseription of the frequency response of the
niictogyroscope. Important parasitic effects, such as interplate
capacttances and mechanical coupling betwe en the orthogonal
modes underno rotation, are included in the model. Fig. 6 shows
the basic electrical model which gives the exci[:Itic>rl-[[j-sense

transfer function, v, /v, or v, /V,, Crf themicrogyroscope

taking once pair 0 f opposite plates at a time. The mechanical

resonance is reptesented by the series 11“('111\’!1 resonant
citewit which is excited via the dependent sources 5(/1 and &y,

which communicates  with  the port voltage v, and v,
respectively (8 represents the deflection/volt in the plates at

zeto frequency).

kl

Flig. 4 SEM photograph of the corner between the suspension
and the center of the clover-leaf structure demoristrating o
sharpness and precision of the etching process.
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Fig. 6 Equivalent circuit model for an opposite pair of plates

The effect of the mechanical motion on the electrical ports

inturn is given by the dependent sources “;1"/1 The interplate




parasitic resistance and capacitance are given hy Rl, anad C/'

respectively. The dependent sour ce 5wv o

induced term which is further explained inthe next paragraph.
The transfer function predicted by this model (with @= 0 and,
hence, 50) =0) is shown in Fig.7 in which the notch at w, is

s the Coriolis

mainly ductothe parasitic capacitance CI’
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Fig. 7 Excitation- to-output transfer function obtained frowm the
mode! in g, 6.

Fig. 8 shows the experimental transfer functions of cach
pait of opposite plates of a microgyroscope whose o1 thogonal
resonant modes (drive and sense) are at 4 1 5 Hz and 435 1z
respectively, The departure of each of these trans fer functions
from the one shown in Fig. 7 for a siugle pairof plates is
primarily caused by parasitic electr ical and mechanical coupling
between the orthogonal modes when the gyro is at rest and by

the slight diffetence between the ¢ and a, for each pairof

plates. These curves can Now be easily predicted when a full
adel of the gyto is constricted by asscmbling tog etherthe
model for eachpair of plates giveninlig. 6 asshown in Fig. 9.
The parasitic mechanical coupling between the diive and sense

modes when @: O is modeled by §,,v,,, and 8.V, while the
Coriolis term is given by Bmvw,‘ The predictions of this model
(with @= &, = 0) aie shown in Fig. 10 and arc seer] to match

well with those inFig. § Detailed analytical expressions
derived from the circuitin Fig. 9 will be given in afuture paper.
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Fig. 8 Experimental plots for the excitation-to-output transfer
function.

The actuation, or drive, circuit is realized by designing an
oscillator (t I(s)) around the mictogyroscope which locksin
onto the duive re sonance mode as shown in Fig. 1 ] 71 he purpose
of summing the signals from both sense plates is to remove the
differential signal between them and hence the response of the
sense tesonance from the feedback loop. The sense circuit, on
the other hand, subtrac ts the signals from both sense plates i n
order to remove the common-mode drive signal. A lock-in
aniplifier 1S wsed 1l order 10 detect a differentialsig nalinduced
due to rotation,

J

.
| du"«(j) s -
mamu’ﬂ“ e PP (I;) a.,.m»:,,.ﬂ 5o
- \

~ =
- Suvua (3) -
4

Ly <)

i-
|
. [ . ( 6,,,6, 5‘4:" Cy pa rkud dqu/n ‘5)4;; dzd‘ i
R VORI A IS OO TN gt iu
|

(N R

us
Vi
A
"
V2

o

4,
4,
4,

ff:\A 7o
NN

| [
El‘ayl(;ud - ;m) "_\ “u‘('wf’ ‘m)m

Rpix

Y

e
Loy

Fig. 9 Conplete electr ical model o f the microgyroscope.
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Fig. 10 Transfer function obtained from model in ‘ig. 9.
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Fig. 11 Exciting and sensing of rhc microgyroscope.
MODELING

The Lagrange equations of motion are written for the
angular displacements 8y 6. and €, measured in the coordinate
systemn that rotates  with the WICtOgyroscope The
center () is ass umed stationary, @, is rotation around [he post (2)

housing.

axts, and xand y arc the spning axes, “1'bus, inthis system, 8,

and Oy represent micasurable,  near-verical angular

displacements. For spin about the z axis, 8 remains decoupled

from Oy and ). and for small 8y 0y and 2./@, the cloverleal



displacements for a quad-symmetric stracture driven by the
application of the torque Tto the leaves 2 and 3, are described
by the following approximate equations of motion:

w\»..«.ba - A\.«Cr.0< + K».m». 4 Q‘amx = 70 (N
M\.é_cw -41,Q.0, 4 Jbv + vaw =0 (2)

where the terms proportional to a's and time derivatives 0, and

X
8, describe vibration damping, and T(1) is the driving torqu

.w
The "mass moment” is \N = v_,;.J. C:N.\mv where g is the z

component of n from O to any mass element of the moving

structure. The other moments of inerija are -

R S B

!
2 2
Ly I 41, - w? +af Y(my /2) ()
For the structure with the post, MS >> (M1, M2, M3, Md), and
Iy \.6. =1, = :SM \Nvﬁw. where Ls is the ann length from
O 1o the mass center of Ms/2 and Mg are the masses of the
clover leaves and Ms is the mass of the post. The restoring

totque parameters K, and K, relate o "spring” constants for

lincar displaceruents due to tension and twist, and to the device
dimensions,

The homogencous solutions to Eq. I and 2 are the normal
modes. For small damping in the absence of platform rotation,
the  modes  oscillate  with  the resonant  frequencies

o, = /\z.q\u\: and @, £ )\az\m\c‘ for 6y aud Oy rotations,

respectively. The application of AC voltage to the capacitors
associated with leaves 2 and 3 (Fig. 1) drives the vibrational
rotation about the x-axis (angular displacement 6,). Upon

application of input rotation {2;. the vibrational energy js
tansferied from the Oy to the 0y, vibrational mode. We consider
T = Ty cos (an) that drives Oy, al w >>€2,. Since Oy>>0y, by
neglecting the Coriolis term in Eq. 1, the diiven 8y is:

O =0, mm:?x 4 _\\».v ®

where the amplitude

R N Y
X0 22 ’ 2 > . ﬁ\ﬁ.
M\H« 2 2 2 1) Q:. M\N mc\a. 7»

o - . 4 - w
O

(6)

where the Jast two expressions on the right hand side apply for
M near w,, i.c., _N TON <Yy Yy EQI2 = Wy /0. At
times >>1/yy, after the application of £2,, and the transient

effects have leveled-off, the spin-induced 0y is given by the
inhomogeneous solution of Eq.2:

QK.A = ovs ocmAi + _\\wv (7)
] 2Q) [010]
- S A ¥
where Q,<t = Q\S I " S
Yy oy 2 212 E,em
(4 0] + - .
y 2
0y

41 Q w
WL %.S 0
—y =0 >0 - ~Q (8)
Ly y X0 M y
y y

where the last two expressions on the right hand side are valid
for a heavy post (/ =17, and o near oy)and Qy is the O-

Yy i

factor for the 0y resonance. These results show that the
degencracy of the resonant frequency can enhance the spin-
induced 8y by the product of both the diiven and sensing Q-

factors. This degeneracy can be accomplished with a symmetric
configuration of the cloverleal and springs resonator design.

MEASUREMENT

In otder to fully analyze a micromachined vibratory
gyroscope, it is necessary to carry out a significant amount of
testing. In this case, two separate test stations were assembled;
the first test station was designed to be used to quantify the
mmechanical properties of the gyroscope, and the second to
measure the perfornmance of our device as a rotation sensor.

The first test station consists of a small vacuum chamber
with electrical probes to electrically excite the microgyroscope,
and a Polytech OFV 501 laser vibrometer (Doppler velocimeter)
to accurately measure mechanical motion, Some of the
mechanical propertics of the gyroscopes easured with this
sctup are: resonance frequencies, Q-factors, mode shapes,
hysteresis, snap-down voltage, symimetry (by exciting different
electrodes), operational voltage, and survivability (by driving
it with a very large aniplitude signal).

The sccond test station uses a Triotech S3478 rate table
with a resolution of 0.01 degrecs per second to rotate a micro-
gytoscope inside a vacuum chamber. The motion of the
microgyroscope is measured both electrically and with a
Polytech OFV 3501 laser vibrometer. Some of the performance
characteristics measured using this apparatus are: the drive and
up/down mode frequencies, the sense mode residual miechanical
excitation (zero for a perfectly balanced gyio), the rotation
respousitivity (mV/deg/sec), vibrational amplitude, linearity of
the response, the noise characteristics of the gyroscope (Green
chart, PSD, autocorielation), bias offset (output of the lock-in
without rotation), bias drift, response to rotation when sense
axis is perpendicular to rotation, and response to rotation when
excited in the up/down mode.

Several fuished microgyroscopes were tested inside the
test stations. ‘The resonant frequency of the diive mode is at
452Hz, and the sense mode is at 447Hz for one of the devices.
The Q-factor of the drive and sense mode is approximately 500.
Both resonant modes are rocking modes with nodal lines along
the spring directions. The separation between the resonant
frequencies is primarily due to stress from the bonding of the
silicon clover leaf structure to the quartz structure and to
fabrication errors. The microgyroscope was driven at the drive
resonance for rotation testing. The response of this device does
not have significant Q-factor amplification of the sense mode
displacement duc to splitting of the drive and sense resonant
fiequency. The driving voltage of the microgyroscope s
approximately 4V peak 10 peak. The shap-down voltage is
approximately 20V. A plot of the output voltage vs. rotation
rate s shown in Fig.12. From this figure, the easured
responsitivity (scale  factor) of the gyroscope N
10.4mV/(deg/sec) with a scale factor nonlinearity of <% at an
integration time of | second.
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Fig. 1 2 Rotation rate respoostivity of the clover-leafl micro-
gyroscope.

The Allan deviat ton chart (Fig. 13) shows the lowest
detectable noise equivalent rotation rate is about 90 deg/hrat an
integ rationtime 0! | seconds. The rise inthe noise afterthe 1 5
second integration time is mostly due to drift in the electronics.
Thus, the bias stability of this microgyroscope should be below
29 deg/lu. The performance of this micro-gyroscope is limited
by the electronic circuit. Close d-loop circuitry is being
developed to improve the sensitivity of this mtcrogyroscope by
lowering the noise and reducing [lie drift. Improvementsin [he
fabtication and assembly of the microgyroscope will allow the
use of Q-factor amplification toincreasc the sensitivity of the
device by at least two to three orders of magnitude. This will
allow the clovet-leaf microgyroscope to be useful in attitude and
navigation control applications.

Allan Deviation deg/hr)

10 TR T

01 A 1 10 100
Integration Time (seconds)
Fig. 13 Green Chart for the clover-leaf microgyroscope.
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C ONCLUSION AN]) FUTUREPLAN

‘I"his paper hasreported ou the design, modeling,
fabrication, an d characterization of a novel silicon bulk
micromachined  vibratory — gytoscope  designed  for  micro-
spacecraft applications, A microgyroscope prototype that has
been fabricated so far has a rotation responsitivity (scale factor)
of 10.4m V/deg/see with < 1% nonlinearity at an integ ration
time of | second. The lowest detectable noi se cquivalent
totation rate is 90 deg/hr at antntegration time of | sccond. The
bias stab ility of this microgyroscope is at or bettes than 29
deg/hr. The performance of this microgyroscope is limited by
the clectronic circ uit noi se and drift, fabrication errors, and
stress resulting from the assembly process. lmprovements i n
these arcas will furtherincrease the sensitivity and improve the
drift performa nce of this microgyroscope.

This JPL/UCK A clover-leaf mictogyroscope is planned as
a piggyback  spacetlight experniment called the Commercial
Hardware Micio-Gyto ((tip(i) on the Mars Pathfinder spacecraft
o study  re-entry  dynamics.  BHach mucrogyroscope i s
individually packagedin 2.5 x3 x 0.4 inches stainl ess stecl
case. Four such packages are asscmbled onto the mother board
which consists of a thermal plate and the digital electronics for
communication with the spacecraft. T he participationof the
P JUCE A clover-leal microgyroscopes i the CHuG space-
flight expernnent has provided valuable expericnces in the
integration, packaging, and space qualification of Micro-
machined ElectroMech anical Syste ny (MEMS) miicrodevices for
spaceflig ht missions,

The immediate goals for the JPL/UCI.A microgyro effort
inthe next few years include 1) improve the microgyroscope
design to achieve 1-10 deg/hn hi ss stability performance, 2)
produce a three-axes Micro- Inertial Measurement Unit (MIMU)
consisting of hermetically scaled microgyroscopes packaged
with micro-accelerometers  for space flight validations i n
spacecraft, 3) investigate theissues relevant to the space
qualification of the microgyros, such as device filetime, device
packaging, and survivability duting launch and in the space
environment,

In conclusion, we presented a new vi bratory  micro-
gyroscope that offers potential advantages of” ali nost unlimited
operational 1ii’c, high perlformance, extremely compact size,
low power operation, and low cost for applications in inertial
navigation and attitude control of microspacecraft.
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